Fabricating a combined amorphous and crystalline hierarchical structure is a promising strategy to further improve the electrochemical performance of electrode materials, because it will provide additional opportunities for altering and manipulating the electrolyte adsorption and ion migratory dynamics in the lithium storage process. In this work, a crystalline-amorphous core-shell ZnO/Zn 2 GeO 4 /graphene aerogel with a three-dimensional structure has been successfully fabricated and shows enhanced stability and electrochemical performances.
Rechargeable batteries have become a promising power source for portable electronic devices and electric vehicles (EVs), and many efforts have been devoted to the development of advanced electrode materials for them. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] In recent years, amorphous materials have attracted the attention of many researchers. Unlike the traditional well-crystallized materials, the shortrange ordered structure of amorphous materials has shown higher capacity and better stability. [10] [11] [12] Meanwhile, previous studies have revealed that lithium-ion diffusion in amorphous materials is more rapid than in crystalline materials, due to the higher Li diffusion coefficient of the amorphous structure, thus leading to better electrochemical performance. 13 Nevertheless, the low reversibility of lithium ions during charge/discharge processes and the low electrical conductivity are the main shortcomings of amorphous structure in lithium ion batteries (LIB) anodes. [12] [13] [14] [15] The use of an amorphous surface and crystalline core structure was demonstrated to be an effective way to improve the performance of LIBs. 16, 17 This is because the core-shell structure can lead to smaller volume changes, and the amorphous surface also can facilitate lithium diffusion by enhancing the atomic/ionic mobility within the matrix. 18, 19 Furthermore, the amorphous layer can provide extensive active sites to increase the capacity. 17 Some disadvantages still need to be addressed, however, including the relatively lower electrical conductivity and the low structural stability at high rates.
In order to solve those problems, in this work, we introduce graphene aerogel (GA) for a composite of crystalline-amorphous core-shell ZnO/Zn 2 GeO 4 combined with the aerogel (ZZGO/GA). In our work, the graphene aerogel (GA) provided several advantages due to its structure, including rapid lithium ion and electron transport, short lithium ion diffusion paths, good electrical conductivity, and a stable structure. [20] [21] [22] [23] [24] [25] [26] [27] The amorphous layer was synthesized by the ion-exchange method, which can facilitate lithium diffusion during lithiation and delithiation, and it can provide an open framework and reaction sites to increase lithium storage capacity. This anode material exhibited outstanding stable capacity of 905 mA h g À1 for over 250 cycles, and the capacity of 205 mA h g À1 was recorded at a current density of 10 A g À1 in rate capability testing, respectively. This strategy can effectively enhance the cycling stability and rate performance of three-dimensional (3D) Zn 2 GeO 4 /ZnO/ graphene aerogel anode material for lithium ion batteries.
The preparation process can be described as consisting of three steps: (i) the GO powder, Zn(AC) 2 , Na 2 GeO 3 , and vitamin C were dissolved in DI water, respectively, to obtain stable precursor was formed by a mild wet chemistry reaction. (ii) The precursor was freeze-dried and yielded ZZGO/GA. The preparation of ZZGO/GA is schematically illustrated in Scheme 1.
The phase of samples was examined by X-ray diffraction (XRD) (Fig. 1a ). The obvious sharp diffraction peaks of ZnO (JCPDS no. 36-1451) in the XRD diffraction pattern indicate that the ZnO phase is well-crystallized. The formation of ZnO was due to the preferential hydrolysis of zinc acetate. The broad diffraction peaks are at approximately 12.5 and 25 and correspond to amorphous Zn 2 GeO 4 (JCPDS no. 11-0687). In order to further explore the structure and phase of the composite, the chemical bonds of [ZnO 4 ] 6À and [GeO 4 ] 4À in ZZGO were veried by Fourier transform infrared (FTIR) spectra. The stretching vibration of Ge-O bonds in A-ZGO led to a peak at around 820 cm À1 , which conrmed the existence of the [GeO 4 ] 4À structure. 28, 29 The peak around 560 cm À1 is related to the Zn-O bonds in ZnO and Zn 2 GeO 4 ( Fig. 1b ). 30 The presence of GA is also conrmed by TGA analysis, and the total carbon weight fraction in the ZZGO/GA is around 42% (shown in Fig. S3 in the ESI †). All of the results are consistent with GA/ZZGO.
The microstructure of the as-prepared ZZGO/GA composite Fig. 2a reveals the interconnected 3D porous network of ZZGO/ GA at different magnications, in which graphene sheets are linked with each other and form a stable 3D structure, with ZZGO nanoparticles 10-20 nm in size distributed uniformly on the graphene sheets. Fig. 2c and d shows typical elemental mapping performed over the special 3D structure with respect to C, Ge, Zn, and O, which indicates that the ZnO and A-ZGO nanoparticles are well-dispersed in the 3D nanoarchitecture. Fig. 2b presents a high-resolution transmission electron microscope (HRTEM) image of the ZZGO/GA hybrid. It shows that the crystalline ZnO particle is wrapped by an amorphous Zn 2 GeO 4 layer and forms a core-shell structure. It also can be seen that the lattice fringes are approximately 0.28 nm, which corresponds to the spacing of the (100) planes of hexagonal ZnO.
In order to investigate the electrochemical properties of the samples during the charge-discharge process, all the samples were assembled into coin-type half-cells. Fig. S4 † shows the cyclic voltammetry (CV) curves of the ZZGO/GA, which were collected at a slow scan rate of 0.1 mV s À1 for the rst 3 cycles in the potential window of 0.01-2.8 V versus Li + /Li. Usually, the second metal in alloy anodes and oxygen in metal-oxide anodes are introduced to form a buffer matrix to alleviate the damage caused by volume changes of the active materials. Unfortunately, in most cases, either the second metal is electrochemically inert with respect to lithium or the Li 2 O formed during the rst lithiation process cannot be reversibly charged/discharged in the following cycles, leading to decreased reversible capacity of the whole anodic reaction. In our case, however, with the amorphous Zn 2 GeO 4 layer, not only can zinc form zinc-lithium alloy reversibly, as demonstrated by a previous study on zinccontaining anode materials, but also the reactions between the oxides and lithium (ZnO + 2Li 4 Zn + Li 2 O and GeO 2 + 4Li 4 Ge + 2Li 2 O) are at least partially reversible. 31 The cycling performance of the samples is presented in Fig. 3a . The ZZGO/GA electrode was tested at 100 mA h g À1 in the rst two cycles in order to activate the batteries. High initial discharge and charge capacities of around 1536.9 and 941.1 mA h g À1 can be delivered, respectively. The rst cycle coulombic efficiency (CE) was about 61% (Fig. S6 †) , and the average coulombic efficiency was nearly 100% from the second cycle, indicating stabilization of the solid electrolyte interphase (SEI) layer. It is the special structure of GA that ensured the stability of the electrode during charge/discharge. Aer activation, the electrode was tested at 500 mA g À1 for 250 cycles. Encouragingly, the composite electrode exhibited a high reversible capacity of 905 mA h g À1 , demonstrating the excellent cycling stability and high capacity of the as-obtained ZZGO/GA graphene nanocomposite. When compared with the pure ZGO and amorphous ZGO, the ZZGO/GA anode exhibited much better cycling performance. The superior performance of the ZZGO/GA suggested high-efficiency synergistic effects between the three components in its structure. First of all, the core-shell structure, consisting of the amorphous and crystalline composite, can maintain lower volume expansion during Scheme 1 Preparation process for ZZGO/GA by a hydrothermal reaction. lithiation and delithiation processes. Meanwhile, compared with pure ZGO and amorphous ZGO, the graphene sheets could restrain pulverization of the electrode from the alloying and leapfrog cracking. 32, 33 Furthermore, the 3D porous structure ensures the stability of the SEI layers, so as to decrease the pulverization of the electrode. 23 The rate capability was tested at current densities of 0.5, 1, 2, 5, and 10 A g À1 . The ZZGO/GA electrode exhibited a capacity of 908, 760.4, 553, 335, and 205 mA h g À1 , respectively. When the current density was returned to 0.5 A g À1 , the capacity could return to 896 mA h g À1 (Fig. 3c) . Remarkably, the experiments showed that GA/ZZGO had better performance in the rate performance test compared to pure ZGO and A-ZGO, which may be due to three advantages. First, the 3D porous network guarantees more stable lithium ion transport channels. In addition, the amorphous structure provides some active sites and thus increases the capacity to some extent. Finally, the hierarchical structure and synergistic effects contribute to charge/discharge processes at high currents. 34 In order to examine the Li diffusion kinetics of the ZZGO/GA anode, electrochemical impedance spectroscopy (EIS) was also applied to study the internal behavior of the as-prepared ZZGO/ GA and pure ZGO electrodes. Fig. 3d presents the Nyquist curves of the two kinds of electrodes. The high-frequency zone was represents the contact resistance (R f ), and the diameter of the medium frequency semicircle corresponds to the chargetransfer resistance (R ct ) of the electrode/electrolyte interface, while the low-frequency sloping straight line is equivalent to the Warburg impedance (Z w ), which can be explained as the resistance to solid-state diffusion of lithium ions in the bulk electrode (R e ). The results are given in Table 1 . The core-shell structure and the 3D GA can suppress the volume changes, pulverization, and aggregation of these nanoparticles, and hence, the charge-transfer resistance R ct (U) of the ZZGO/GA hybrid is much smaller than that of the pure ZGO. Apart from this, the impedance slope of the electrode is much higher than for the pure ZGO, which indicates that there is a higher mobility of Li + ions in the ZZGO/GA electrode. The fast Li + and electron transport pathways which are provided by the 3D network are the key elements for lowering the resistance during charge and discharge of the electrode.
The excellent electrochemical performance of the ZZGO/GA electrode should be ascribed to the synergistic effects of our specially designed the structure, as shown in Fig. 4 , which illustrates the electrochemical mechanisms of the ZZGO/GA electrode during charge/discharge. First, the active sites of the amorphous structure increase the performance to a certain degree. Second, the core-shell structure of ZZGO manifests lower volume expansion during cycling. Finally, the 3D network not only prevents pulverization of the materials, but also provides fast Li + and electron transport pathways for the electrodes (Fig. S10 †) .
Conclusions
In summary, a three-dimensional crystalline-amorphous coreshell ZnO/Zn 2 GeO 4 /graphene aerogel structure has been successfully synthesized via a facile and mild solvothermal method by a self-assembly approach. Due to its superior hierarchical structure, the specic discharge capacity of 905 mA h g À1 was retained at a current density of 500 mA g À1 aer 250 cycles, and the capacity retention was nearly 100%. In addition, this anode material also shows impressive rate capability of 205 mA h g À1 at the current density of 10 A g À1 . We attribute the Fig. 3 Electrochemical performance of ZZGO/GA: (a) reversible (discharge) capacity of ZZGO/GA, A-ZGO, and pure ZGO tested at 50 mA g À1 in the first two cycles, and at 500 mA g À1 in the third and successive cycles; (b) discharge-charge potential profiles for selected cycles of ZZGO/GA; (c) rate capability of ZZGO/GA at 500 mA g À1 , 1 A g À1 , 2 A g À1 , 5 A g À1 , and 10 A g À1 ; (d) Nyquist plots of ZZGO/GA in comparison with pure ZGO and A-ZGO. The inset shows the equivalent circuit, where CPE stands for constant phase element. greatly enhanced electrochemical properties of ZZGO/GA to its stable three-dimensional hierarchical structure, the excellent electrical conductivity of its carbon aerogel network, and its low volume changes, making it a promising anode material for high-capacity LIBs.
